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The objective of this thesis is to determine the bonded development length of 

multiple 5-strand tendons with surrounding concrete in post-tensioned slabs. The 

prestressing steel is 7-wire strand grade 270 K diameter 0.5 inch (12.7 mm). The bond 

between concrete and multiple strands are developed to produce the prestressing force 

replacing the anchorage force after the loss of anchorage. The relationship between 

bonded length and the concrete compressive strength is determined by test of 21 

concrete blocks stressed by multiple 5-strand tendons with anchorage at both ends. 

The concrete compressive strengths of 240, 280, 320 and 380 ksc are casted in the 

blocks to cover strands, then the anchorage is cut and the bonded length is determined 

to develop sufficient tensile force instead of anchorage force.  

 

The results show that the bond between the multiple strand tendons and 

covering concrete can be used to replace the anchorage stressing force. The bonded 

length of multiple strand tendons decreases when the concrete compressive strength 

increases. The transfer length from tests are close to the length by ACI equation at the 

compressive strength of 280 ksc and less than 10% for the other compressive strength. 

All recommended bonded development lengths from test are less than the 

computational length by codes because the long term effects are not considered in 

test. The bonded length of the multiple 5-strand tendons is longer than the multiple 3-

strand tendons and should be conservative to be the representative for bonded length 

of all multiple strand tendons in practice. 
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Notation and definitions of the terms are 

db   =  nominal diameter of prestressing strand  

f’ci  =  initial concrete compressive strength at transfer  
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fpu  =  ultimate tensile strength of prestressing steel 
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DEVELOPMENT LENGTH OF MULTIPLE FIVE-STRAND 

TENDONS IN POST-TENSIONED SLABS 

 

INTRODUCTION 

 

At present, the bonded post-tensioning system, a type of prestressed concrete, 

is widely used as floor structural system of building in Thailand. The post-tensioning 

floor system is commonly used in commercial building, department store, residential, 

apartment, high-rise condominiums, hotel, office building and parking building. 

 

The prestressed concrete has been developed as structural system. Prestressing 

is a method to increase the strength of concrete member to counteract the applied 

loads during the anticipated service life of the member. 

 

 

                                                               

 

 

 

 

Figure 1  The structural behavior of reinforced concrete and prestressed concrete   

                member on carry loads.  

 

 

 

(a) Reinforced concrete                      
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Figure 1  (Continued) 

 

Source :  Chompreda (2007)  

 

The example of prestressed concrete member is expressed and compared to 

the reinforced concrete member as shown in Figure 1 (Chompreda, 2007). For the 

reinforced concrete member after the member carrying loads, by the structural 

behavior, the member is deflected and cracks caused by flexural tensile stress in 

concrete are developed as shown in Fig.1a. The reinforcing of rebar is provided to 

resist tensile stress of the section as shown in Fig.2a. For the prestressed concrete 

member, the structural behavior can be explained into two steps. In the first step, 

called “at transfer” as shown in Fig.1b1, the strength of member is provided by 

prestressing steel to counteract the stresses developed by the dead load of member. 

The member is cambered by the eccentric moment of prestressing steel. In the second 

step, called “at service load” as shown in Fig.1b2, the strength of member is 

developed to carry the service loads, superimposed load and live load. The second 

step deflection is balanced by the camber in first step and result in less deflection 

totally.  

 

(b1) Prestressed concrete, at transfer 
 

(b2) Prestressed concrete, at service load 
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Figure 2  Stress distribution on the cross section of reinforced concrete and  

                prestressed concrete member (negative sign for tensile stress). 

 

Cracks as shown in Fig.1b1 and Fig.1b2 are controlled to be the uncracked 

section by calculating the net tensile stress of the section to be minimum as shown in 

Fig.2b. The value of net tensile stress must be less than the allowable tensile stress by 

ACI code.  

 

The prestressed concrete is classified into two types according to the stage of 

stressing steel tendon compared to the time of casting concrete. The first type is pre-

tensioning system where the steel tendons are stressed prior to concrete placement as 

shown in Figure 3. The stages of pre-tensioning are shown in Fig.3.1 (1Sengupta and 

Menon, n.d.) in the sequences as (a) placing steel tendons and applying tension to the 

tendons, (b) casting of concrete and curing, (c) cutting the tendons to transfer force of 

(a) Reinforced concrete 
 

(b) Prestressed concrete 
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prestressed into the concrete member. Fig.3.2 shows a product of pre-tensioning 

system, hollow-core slab as an example (2Siam Cement Group, n.d.). 

 

 (3.1) Stages of pre-tensioning1               (3.2) Pre-tensioned hollow-core slab2 

 

Figure 3  Pre-tensioning system. 

 

Source : 1Sengupta and Menon (n.d.) 

               2Siam Cement Group (n.d.) 

 

The second type is post-tensioning where steel tendons are stressed after the 

concrete has been placed as shown in Figure 4. The stages of post-tensioning are 

shown in Fig.4.1 (1Sengupta and Menon, n.d.) in the sequences as (a) placing 

prestressing steel tendons, casting of concrete and curing, (b) tensioning of tendons, 

(c) anchoring the tendons at the stretching end to permanent fixed anchors and 

transfer force of prestressed into the concrete member. Fig.4.2, Fig.4.3 and Fig.4.4 

show the steps of post-tensioned slab construction at site (2Post & Precast co.,Ltd., 

2003).  
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(4.1) Stages of post-tensioning1 

 

             (4.2) Placing tendons2                          (4.3) Casting of concrete and curing2    

 

Figure 4  Post-tensioning system.   
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Figure 4  (Continued)   

                                

Source : 1Sengupta and Menon (n.d.) 

                    2Post & Precast co.,Ltd. (2003) 

 

The second type, post-tensioning system, can be classified into two types. The first 

one is unbonded tendon, the prestressing steel is prevented from bonding and free to 

move relative to the surrounding concrete as shown in Fig.5a and Fig.6a (1Gupta, 

n.d.). The second one is bonded tendon in which bonding of surrounding concrete 

occurs by grouting cement after steel tendon was stressed as shown in Fig.5b and 

Fig.6b (2Post & Precast co.,Ltd., 2003). 

 

 

 

 

(4.4) Stressing tendon, tensioning of tendons and fixing of anchorage2 



7 
 

 

 

 

 

 

 

 

 

(a) Unbonded system1 

 

 

 

 

 

 

 

 

 

(b) Bonded system2 

 

Figure 5  Post-tensioning system type unbounded and bonded systems.  

 

Source : 1Gupta (n.d.)   

                    2Post & Precast co.,Ltd. (2003) 
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 (a) Unbonded tendons1 

 

 

 

 

 

 

 

 

 

(b) Bonded tendons2 

 

Figure 6  Tendon types unbonded and bonded tendons. 

 

Source : 1Gupta (n.d.) 

               2Post & Precast co.,Ltd. (2003) 
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           The type of prestressed concrete system can be summarized by the flow chart 

as shown in Figure 7.  

 

 

 

 

 

 

 

 

Figure 7  Flow chart of prestressed concrete system. 

 

Post-tensioned concrete floors have more advantages in comparison to 

conventional reinforced concrete floors and pre-tensioned hollow-core slabs. The 

benefits are long spans, higher free height of floor level, higher load carriage, 

controlled deflection, rapid construction, economics etc. Nowadays, The post-

tensioned concrete floors, bonded system, tendons are widely used in Thailand 

because the advantages are less maintenance problem in long term, easier and safe to 

add small opening or sleeve in the future and better in fire endurance when compared 

to unbonded tendons. 

 

However bonded post-tensioned concrete floors have a disadvantage that a 

revision or modification of the concrete floor is not feasible. The revision after the 

completion of construction and grouting may cause the tendons to lose stress by 
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anchorages loss. The remaining strength of tendons depends on the quality and 

adequacy of grouting. 

 

 Figure 8 shows the example of the problem arisen when the edge of bonded 

post-tensioned concrete floor was cut off. Fig.8a shows the concrete slab before 

revision or modification. Fig.8b shows the concrete slab after cutting off the slab 

edge. The lost of the anchorages at left end of slab affects the mechanism system of 

remaining tendons for transferring prestressed force into concrete slab. The new 

anchorages can not be replaced or re-stressed because the grouting was completed. 

 

 

 

 

 

                                                                     

 

 

 

 

 

 

                                 

Figure 8  The edge of bonded post-tensioned concrete slabs cut off because of the 

                revision or modification of slab. 

(a)  
 

(b)  
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Figure 9 shows the case study of the problem in bonded post-tensioned 

concrete floor. Fig.9a is the completion of construction of parking concrete floor. 

Fig.9b shows the requirement to open new stairway for fire escape purpose. The fire 

escape stairway is required by the ministerial regulation which is also applied to old 

public buildings. So, some area of parking concrete floor must be cut out to add 

staircase opening. 

 

(a)                                                                     (b) 

 

Figure 9  The corner of bonded post-tensioned concrete floor cut off to open for fire 

                escape stairway. 
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Figure 10 shows another case of problem in bonded post-tensioned concrete 

floor. Fig.10a shows the completion of construction of typical story concrete floor. 

During architectural work, the contractor found the mistake of construction of one 

story where the edge of slab was larger than the other typical stories. Fig.10b shows 

the 7 cm larger edge of slab. Even though 7 cm is small, it is different from the other 

typical stories after finishing architectural work, so cutting the edge of concrete floor 

is required.  

                          

                              (a)                                                               (b) 

 

Figure 10  The requirement to cut the edge of slab which is larger than other typical   

                  stories.  
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The remaining strength of tendons after anchorage loss depended on the 

quality and adequacy of grouting. Grouting is a compound of Portland cement and 

water within the sheath. Grouting does not have aggregates. Bonding between 

prestressed steel and grouting surrounding is developed after tendons lose fixing by 

anchorage. However, bonding of grouting is insure in quality and adequacy because 

grouting can not be visible on the floor and is unable to prove in bonding strength. 

Low quality and inadequate standard of grouting caused by workmanship or human 

error affects the strength and durability in the long term. 

 

The post-tensioned slabs should not be cut because tendons might lose fixing 

by anchorages and lead to losing the strength of prestressed concrete. The revision or 

modification of the concrete floors should be done by architectural change and should 

avoid cutting of the floor slabs for the safety of structures. For a worst case situation 

that can not be avoidable, a method of replacing of concrete covering tendons is used 

to replace the anchorage stress. The overall structural design of concrete floors have 

to be considered, i.e., flexural of strength, shear and deflection. The local structures of 

the replacing of concrete covering tendons might not be fully prestressed concrete 

anymore. However at present there is no theoretical method to calculate the bonded 

development length for multiple strand tendons. 

 

This thesis aims to determine the bonded development length of newly caste 

concrete covering prestressing steel tendons to replace grouting. The new covering 

casted concrete can be visible for inspection during casting. Good control of 

workmanship and mixture can increase compressive strength and bonded 
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development length to ensure the same tensile stressing by concrete covering instead 

of the anchorages loss. 
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OBJECTIVES 

 

           The objective of this thesis is the experiment study to determine the bonded 

development length of multiple five-strand tendons with surrounding concrete in post-

tensioned slabs. The prestressing steel is 7-wire strands grade 270 K diameter 0.50 

inch (12.7 mm). The bond between strands and concrete are developed from the 

tensile stress of prestressing force to replace the anchorage force after the loss of 

anchorage.  

 

           The relationship between bonded development length and the concrete 

compressive strength is determined by concrete block samples stressed by multiple 

five-strand tendon with anchorage at both ends. The test method is started by casting 

the concrete to cover multiple strands into the prepared opening box. After obtaining 

the desired compressive strength of concrete, cut at anchorage at one end and 

determine the bonded length that is sufficient to develop tensile force replacing 

anchorage loss.  

 

            For bonded post-tensioned concrete floors, tendons are multiple strands placed 

in a flat duct from two and up to five strands. In this thesis, the multiple five-strand 

tendons are chosen to be the representative to determine bonded development length 

because of the largest value of tension.   
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           The objective is summarized as follows.  

     

1. To present the acceptable bonded development length of prestressing steel 

type 7-wire strands grade 270 K diameter 0.5 inch (12.7 mm) sufficient to develop 

tensile force equivalent to the anchorage force after the loss of anchorage. 

2. To determine the relationship between the concrete compressive strength 

and bonded development length found in item no.1.  

3. To compare the results of item no.1 with the values proposed in the codes 

and standards.      
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Scope of Study 

 

           1. The long term effects, i.e. , shrinkage, creep, different covering of concrete, 

bonded stress due to flexural, shear and cracks in the test of bonded development 

length are not considered. 

2. The desired compressive strength of concrete is 240, 280, 320 and 380 ksc. 

3. Type of strands in test used the 7-wire strand grade 270 K diameter 0.5 

inch.  

4. Type of tendon in test used 2 types that are the multiple five-strand tendons 

and multiple three-strand tendons 

5. Number of specimens is 3 samples for each type of the compressive 

strength of concrete and 21 samples totally. 

6. Age of concrete when cutting the strand and anchorage depended on the 

desired compressive strength. The test used the historical record of the compressive 

strength test of concrete plant to expect the age of cylinder concrete specimens for 

tested compressive strength. 

7. The slip is based on visible and compared to the marking of reference point. 

8. No grouting and duct are considered in test. 
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LITERATURE  REVIEW 

 

           The development length of prestressing steel is presented in four references. 

The first one is “Building Code Requirements for Structural Concrete, ACI 318”, the 

second one is “Design of Prestressed Concrete Structures by T.Y.Lin and Ned H. 

Burns”. The third one is “Standard Specifications for Highway Bridges, AASHTO” 

and the last one is “PCI Design Handbook”. 

 

1.  Building Code Requirements for Structural Concrete (ACI 318) 

 

           American Concrete Institute (2008) proposes the formula (Eq.12-4 in section 

12.9, ACI 318-08) for the prestressing steel type 7-wire strand to provide a distance of 

development of prestressing strand not less than the following (Imperial unit, psi and 

inch).  

                        

                                                                               (1) 

 

Notation and definitions of the terms are 

Ld  =  development length in tension of prestressing steel (inch) 

db  =  nominal diameter of prestressing strand (inch)  

fse  = effective stress in prestressing steel (after all prestress losses, psi) 

fps  = stress in prestressing steel at nominal flexural strength (psi) 

 

 

b
seps

b
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d d
1000
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
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
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Figure 11  Relationship between steel stress and distance from the free end of strand. 

 

Source :  American Concrete Institute (2008) 

 

           Figure 11 shows the relationship between steel stress and the strand distance 

bonded to the concrete as shown in Equation (1). The first term of Eq.(1) represents 

the transfer length (Lt)  of strand which should be bonded over the effective force. 

The second term represents the additional length of strand which should be bonded 

over the developed nominal strength of member (Lb).        

 

           By using Eq.(1), the distance of development of prestressing strand (Ld) for 7-

wire strand diameter 0.5 inch (12.7 mm) is about 210 cm at breaking strength 18.73 

ton. The distance of the transfer length (Lt) 66 cm and the flexural bond length (Lb) 

144 cm is combined when calculated by using effective force of strand 10.8 ton and 
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strand area of 99 sq.mm. Nevertheless this formula is used for a bonded distance of 

single strand in pre-tensioned concrete. For the bonded post-tensioned concrete, 

multiple two and up to five strands per tendon are normally used in construction. 

 

2. Design of Prestressed Concrete Structures (Lin T. Y. and N. H. Burns) 

 

           Lin and Burns (1982). Design of Prestressed Concrete Structures, express the 

formula (Eq.7-24 section 7-6) to provide a development length of prestressing steel 

for the moment from critical section. A distance to develop tensile stress from the 

critical section is shown as follows (SI unit, MPa and mm). 

 

                                                         (2) 

    

Notation and definitions of the terms are 

Ld  =  development length in tension of prestressing steel (mm.) 

db   =  nominal diameter of prestressing strand (mm.)  

f’ci  = initial concrete compressive strength at transfer (MPa) 

fsi   =  stress in prestressing steel immediately after prestressing force has been  

           applied to concrete (MPa) 

fse  = effective stress in prestressing steel (after all prestress losses, MPa) 

fpu  = ultimate tensile strength of prestressing steel (MPa) 

 

( ) bsepub
ci

si
d d ff 0.181117d

f'
f1.5L −+


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
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Equation (2) is similar to Equation (1) except the compressive strength (f’c) is 

included in Eq.(2). Table 1 shows the development lengths that are calculated by 

Eq.(1) and Eq.(2). Table 1 shows that the calculated lengths by Eq.(2) are greater than 

that given by Eq.(1) of ACI 318-08.  

                                                         

Table 1  Comparison between the development length (cm) that is calculated by   

               Eq.(1) and Eq.(2) of single 7-wire strand. 

 

Description 

transfer 

length (Lt) 

flexural bonded 

length (Lb)  

development 

length (Ld)  

1. Ld by Eq.(1), ACI 318  66 144 210 

2. Ld by Eq.(2), base on f’c 320 ksc 78 181 259 

            

3. Standard Specifications for Highway Bridges (AASHTO)  

 

           American Association of State Highway and Transportation Officials, Inc 

(1996) proposes the embedment of prestressed strand (Eq.9-32 section 9.28) for the 3-

wire or 7-wire pretensioning strand shall be bonded beyond the critical section for a 

distance of development length not less than the following (Imperial unit, kips and 

inch).  

             

                                                                                                (3) 

 

Notation and definitions of the terms are 

ld   =  development length of prestressing steel (inch) 

db  =  nominal diameter of prestressing steel (inch)  

bsesud df
3
2fL 






 −=
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fse  = effective steel prestress after losses (kips per square inch) 

fsu  = average stress in prestressing steel at ultimate load (kips per square inch) 

        

           This Eq.(3) of AASHTO is same as the Eq.(1) of ACI 318-08 but it has a little 

difference of definitions, arrangement of the formula and unit of steel stress.  

 

4. PCI Design Handbook.  

 

           Precast/Prestressed Concrete Institute (2004) proposes the strand development 

for a pretensioned member (Eq.4.2.3.1 section 4.2.3) that prestressed force transfers to 

the concrete by bond. The length required to develop the design strength of the strand 

is much longer than the following (kips and inch unit).  

 

                                                                                (4) 

 

Notation and definitions of the terms are 

Ld  =  development length in tension of prestressing steel (inch) 

db  =  nominal diameter of prestressing strand (inch)  

fse  = effective stress in prestressing steel (after all prestress losses, kips per sq.inch) 

fps  = stress in prestressing steel at nominal flexural strength ((kips per sq.inch) 

 

 

( ) bsepsb
se

d dffd
3

fL −+
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           This Eq.(4) of PCI Design Handbook is same as the Eq.(1) of ACI 318-08 but 

it has difference in unit of prestressing steel stress.  
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RESEARCH  METHODOLOGY 

 

1.  Hypothesis 

 

 1.1 Bonded development length should decrease when fc’ increases. 

1.2 The largest type, multiple five-strand tendons, shall be the critical type of 

bonded length test because of its largest value of tension. 

1.3 Bonded length test should begin by using at first the longer length than the 

transfer length in Table 1, then decrease the length during the test to find the 

minimum length. In test, decreasing is easier than increasing of the concrete length. 

Therefore, the 90 cm of concrete length should be considered as good starting length. 

            1.4 If possible, the test is based on unbonded condition to prevent the poor 

quality and inadequacy of grouting that may occur due to poor workmanship in field 

work.             

  

2.  Materials and Equipment 

 

 2.1  Materials 

   2.1.1  Concrete with desired fc’ of 240, 280, 320 and 380 ksc 

   2.1.2  Rebar type SD40 and SR24 

   2.1.3  Seven-wire strands grade 270 K, diameter 0.5 inch (12.7mm) 

   2.1.4  Bonded post-tensioned hard-ware and accessories 

 2.2  Equipment 

   2.2.1  Jacking machine consisting of hydraulic jack and hydraulic pump 

with maximum capacity 20 ton.  
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   2.2.2  Grinder type 100 mm for cut concrete and steel  

   2.2.3  Colour spay (red colour)  

   2.2.4  Mold of concrete specimen 

   2.2.5  Compressive strength testing machine (in laboratory)  

 

 

 

 

 

 

 

 

 

 

 

Figure 12 Prestressing steel type 7-wire strand, diameter 0.5 inch (12.7 mm). 

 

 

                 

                    (a ) Guide                                   (b) Block                       (c) Wedge 

 

Figure 13  Bonded post-tensioned hard-ware and accessories. 
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                   (d ) Sheath                       

 

Figure 13  (Continued) 

 

                   (a ) Hydraulic Jack                                          (b) HydraulicPump 

 

 

 

 

 

                    

 

Figure 14  Jacking machine consisting of hydraulic jack and hydraulic pump. 

 

(e ) Tendon 
(fabrication of strands and hard-ware) 
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Figure 15  Grinder type 100 mm. 

 

 

 

 

 

 

 

 

 

Figure 16  Mold of concrete Specimen. 

 

 

 

 

 

 

Figure 17  Colour spay (red colour). 
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Figure 18  The compressive strength testing machine (in laboratory). 
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3.  Testing Procedure  

 

           The “Test Block” specimen casted by concrete with compressive strength 320 

ksc is shown in Figure 19. The dimensions of test block are 70 cm width x 250 cm 

length x 18 cm thick. The opening of bonded length box is prepared for testing the 

bonded concrete with the four values of concrete compressive strength of 240, 280, 

320 and 380 ksc. 

 

Figure 19  Detailing of “Test Block” specimen. 
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The following steps of preparation and testing are : 

 

           3.1 Prepare the test blocks as shown in Fig.19 amount 3 specimens for each 

type of concrete compressive strength. A test block consists of multiple five-strand 

tendon, bonded length box and slip checking point as shown in Fig.19. After, the 

concrete compressive strength by testing cylinder specimens are not less than 240 ksc, 

which is the minimum compressive strength of concrete at jacking force, start to stress 

strands as step 3.2. The “test block” specimen is prepared as in the steps following 

Fig.20 to Fig.26.      

    

 

 

                 

 

 

 

 

 

 

 

 

Figure 20  Preparation of formwork, reinforcing of rebar and fabrication of tendon  

                  with post-tensioned hard-ware composed of sheath and 1st part of  

                  anchorage (Guide). 
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Figure 21  Casting of concrete compressive strength 320 ksc (cylinder). 

 

                               

                                   

Figure 22  Removing of formwork (a), then curing of the test block (b). 

(b)  (a)  
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                                  (a) 

 

 

                                                                                                          

Figure 23  Installation of multiple five-strands into the test block. 

 

 

 

 

 

 

 

 

 

 

 

Figure 24  Fabrication of 2nd part of anchorage (block). 

 

(b)  
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                        (b) 

                                        

Figure 25  Fabrication of wedges into holes of block. 

 

 

 

 

 

 

 

 

 

 

                                                     

 

 

 

Figure 26  The completion preparation of “Test Block” specimen. 

Bonded length box 

Multiple five-strand 
tendon 

Guide (1st part-Anchor) 

Block (2nd part-Anchor) 

Slip checking point 

(a)  
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           3.2 Stressing all strands as shown in Fig.27. Jacking force in each strand is 

15.0 tons which is the maximum jacking force of 7-wire strand dia. 0.5 inch (12.7 

mm) in field work. The stressing force measured by the gauge reading bar is 

calculated from the calibration equation of hydraulic jack and pump as shown in 

Appendix.   

 

 

 

 

 

 

 

 

 

 

 

                   (b) Gauge reading bar                                    (c) During Jacking 

 

Figure 27  Stressing all strands by jacking machine (hydraulic jack and pump). 

(a) Stressing of 15.0 ton/strand by jacking machine. 
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           3.3 Casting of the concrete with compressive strength that is specified in test 

procedure into the bonded length box to cover multiple five-strand tendons as shown 

in Fig.28. After completion of the first test, vary the length in order to evaluate the 

minimum length of concrete for each type of compressive strength from data 

recording in step 3.7 and step 3.8 as shown in Fig.29. 

                        

 

 

 

 

 

 

 

                                            

Figure 28  Casting of concrete in to the bonded length box. 

 

 

 

 

 

 

 

 

Figure 29  Varying the length of concrete to determine the min. bonded length. 
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           3.4 Sampling concrete for compressive strength test of covering concrete in 

bonded length box as shown in Appendix. Molded and cured specimens of concrete 

are tested to determine compressive strength before starting step 3.6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(b) Compressive strength test to refer to strength of concrete in bonded length box.  

 

Figure 30  Sampling for compressive strength test of concrete in bonded length box. 

(a) Sampling concrete for compressive strength test 
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           3.5 Spray colour on all strands as shown in Fig.31 to mark the reference point 

for checking slip later in step 3.7. The Fig.32 shows the picture to compare in case the 

test slip occurs in step 3.7. 

 

 

 

 

 

 

 

 

 

Figure 31  Spraying colour on strands to mark the reference point. 

 

 

 

 

 

 

 

 

 

 

Figure 32  The comparison with Fig.31 in case the test slip occurs in step 3.7.          
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           3.6 Cutting anchorage to release anchorage force at right end anchorage as 

shown in Fig.33. The cutting of anchorage is very difficult so the test is adjusted by 

cutting all strands near anchorage. This leads to transfer of the anchorage force to the 

covering concrete in bonded length box as shown in Fig.34. 

 

 

        

 

 (a) 

 

 

 

 

 

 

 

 

 (b) 

 

 

 

   

 

Figure 33  Release force of the right end anchorage by cutting all strands.  
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(a) Cutting all strands at the right end anchorage. Anchorage force transfer to the   
      concrete in bonded length box 

 

 

 

 

 

 

 

 

 

 

(b ) Force at anchorage reduced to zero. 

 

Figure 34  After cutting strands, the anchorage force transfers to the concrete in            

                  bonded length box. 
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3.7 After transfer of force, check the slip of each strand at slip checking point 

carefully and refer to the reference point in step 3.5 as shown in Fig.35a, Fig.35b and 

Fig.35c and wait to observe 30 minutes and up to 60 minutes. If the slip of all strands 

is zero, it is reasonable to conclude that it has enough bonded development lengths. If 

the slip of some strand occurs, it indicates that the length of bonded strength of 

covering concrete for that compressive strength is not enough. 

 

 

 
 
 
 
 
 
 
 
 

(a ) Checking the slip in slip checking point at left end after transfer the anchorage 

force and refer to the marking reference point in step 3.5 as shown in (b) and (c). 

 

 

 

 

 

 

 
(b ) For case no slip                         (c ) For case slip occurs 

 

Figure 35  Checking the slip in slip checking point after transfer the anchorage force. 
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           3.8  If all strands in step 3.7 do not have slip, decrease the length of covering 

concrete in bonded length box by cut the covering concrete out 10 cm, step by step, as 

shown in Fig.36a and Fig.36b. At each step of cutting, check the slip of all strands as 

in step 3.7 to determine the minimum length of covering concrete for each type of 

compressive strength that does not slip.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(b ) Each step of 10 cm cutting, step by step, checking slip as in step 3.7 

 

Figure 36  Decreasing the length of bonded concrete as 10 cm step by step. 

(a ) Cutting of the concrete 10 cm, step by step, to decrease the bonded length.  
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Figure 37 shows the slip occurs after cutting each 10 cm of bonded concrete. 

The minimum bonded length means that the last bonded length of concrete with no 

slip occurs on strands as shown in the previous Fig.36. 

 

 

 

 

 

 

 

 

 

(a) The slips occurred during the time of cutting of concrete at step 50 cm to 40 cm. 

 

 

 

 

 

 

 

 

(b) The slips of all five-strands occurred at the same time. 

 

Figure 37  Cutting of the concrete 10 cm, step by step, until the slip occurs. 
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3.9 Repeat the tests from step 3.2 to step 3.8 for the concrete compressive 

strength 240, 280, 320 and 380 ksc that are specified in test procedure and determine 

the minimum bonded length of concrete. Fig.38 shows the 3 specimens of the test 

block of multiple five-strand tendons after tests. Fig.39(a) and Fig.39(b) show failures 

of covering concrete in bonded length box after test. 

 

 

Figure 38  The 3 specimens of the test block of multiple 5-strand tendons after test. 
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(a) Shows a failure of concrete at bonded length box after test. 

 

       (b) Shows a failure of concrete in bonded length box after test. 

 

Figure 39  The failures of covering concrete in bonded length box of multiple five- 

                  strand tendons after test. 
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3.10 For comparison that the bonded length of the largest type, multiple five-

strand tendons, is more critical than the smaller types and conservative to be 

representative type of multiple two and up to five-strand tendon, repeat all steps of the 

test and use the multiple three-strand tendons instead of multiple five-strand tendons 

and compare the results from test. Fig.40 shows the 3 specimens of the test block of 

multiple three-strand tendons after tests. Fig.41 shows a failure of covering concrete 

in bonded length box after test. 

 

 

Figure 40  The 3 specimens of the test block of multiple 3-strand tendons after test. 
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Figure 41  A failure of covering concrete in bonded length box of multiple three-                      

                  strand tendons after test. 
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RESULTS AND DISCUSSION 

 

           The bonded length test of “Test block” of multiple five-strand and multiple 

three-strand tendons with three samples of each varied compressive strength of 

concrete are recorded as the results shown in Table 2.  

 

Table 2  Test results of bonded development length of “Test block” (cm). 

 

test no. of  compressive strength  test of bonded length (test block) 

 no. strands spec Date of fc' 

Avg. 

fc' length of bonded test at failure 

    no. Casting (ksc) (ksc) 80 70 60 50 40 30 20 

1. 5- 1 27/12/10 323 340 P P P X       
  strands 2   375   P P P X       
    3   323   P P P X       
2. 5- 1 15/1/11 294 288 P P X         
  strands 2   282   P P P X       
    3   288   P P P X       
3. 5- 1 21/1/11 236 227 P P X         
  strands 2   219   P X           
    3   225   P P X         
4. 5- 1 8/2/11 444 461 P P P X       
  strands 2   478   P P P P X     
    3   461   P P P P X     
5. 3- 1 29/1/11 317 280 P P P P X     
  strands 2   265   P P P P P X   
    3   259   P P P P P X   
6. 3- 1 25/2/11 230 207 P P P X       
  strands 2   196   P P P X       
    3   196   P P P X       
7. 3- 1 3/3/11 311 323 P P P P P P X 
  strands 2   317   P P P P P P X 
    3   340   P P P P P X   
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        The meaning of “P” is the length of covering concrete in bonded length box after 

cutting the covering concrete out 10 cm and all strands are not slip, step by step, 

follows the testing procedure. The meaning of “X” is the last length of covering 

concrete in bonded length box where slip occurred and can not be finished to cut the 

covering concrete out 10 cm and waiting to observe 30 minutes and up to 60 minutes. 

        

           The test results of bonded length in Table 2 can be recommended as the 

minimum bonded length at failure for varied compressive strength of concrete as 

shown in Table 3. 

 

Table 3  Minimum bonded length at failure from test of multiple five-strand and  

               multiple three-strand tendons of each type of compressive strength. 

 

fc' (cylinder) minimum bonded length at failure (cm.) 

(ksc) 5-strand tendons 3-strand tendons  

450 60 - 

320 60 40 

280 70 50 

240 80 60 

         

           Table 3 shows the minimum bonded length at failure from test of multiple five-

strand and multiple three-strand tendons for the jacking force of 15.0 ton that is the 

maximum permissible tensile stress (0.8fpu) due to prestressing steel jacking force in 

section 18.5.1 of ACI 318-08. The lengths at failure from test in Table 3 can be 

applied to be the transfer length of multiple five-strand tendons by using strength 

reduction factor 0.75 which is recommended as φ value in 9.3.2.7 of ACI 318-08. The 

transfer length which is a distance of transfer at each end of the tendons to perform 
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the function of anchorage, when mechanical end anchorages are not provided, is 

shown in Table 4. 

 

The effective force of strand is less than the jacking force of 15.0 ton from 

losses. The total losses are from two stages of loading. The first stage is immediately 

following transfer of prestress force to the concrete members that are elastic 

shortening of concrete, anchorage slip and friction loss. The second stage is at service 

load after all losses of prestressing have occurred. This long-term effective prestress 

level includes creep of concrete, shrinkage of concrete and steel relaxation. The total 

estimation of all prestress losses in practical design work of post-tensioned concrete 

floors are 22.3% of the ultimate strength (fpu) of prestressing strand. Therefore the 

effective force that is typically used is 10.80 ton.  

 

The steel tendons have to carry the critical force of prestressing strands to 

transfer load at ultimate state. The minimum bonded length at failure from test in 

Table 3 can be applied to be the approximate bonded development length by 

considering the effective force of 10.8 ton instead of jacking force of 15.0 ton and 

increasing the length as the linear interpolation with ultimate strength (fpu) of 

prestressing strand 18.73 ton which is the maximum value recommended by the 

manufacturer of prestressing strand for strand grade 270 K diameter 0.5 inch with 

strength reduction factor (φ) of 0.75. 

 

The approximate bonded development length of multiple five-strand tendons 

can be formulated into Equation (5) and Equation (6). They are used to calculate the 

recommended bonded development length as shown in Table 4. 
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 Ld =  (length from test) (2.31)                                                                                    (6)  

 

            Table 4 shows the comparison between minimum bonded development length 

at failure from test, transfer length by using strength reduction factor (φ) of 0.75 and 

recommended bonded development length calculated by Equation (6). 

 

Table 4  Comparison between minimum bonded development length at failure from  

               test, transfer length and recommended (Equation (6)) in cm.  

 

  5-strand tendons 3-strand tendons 

fc’ test transfer recommended test transfer recommended 

(ksc) 
 

length 
  

length 
 

450 60 80 139 - 53 92 

320 60 80 139 40 53 92 

280 70 93 162 50 67 116 

240 80 107 185 60 80 139 

   

For comparison, Table 5 shows the comparison of calculated transfer length 

and the development length between Equation (1) of ACI code and Equation (2). The 

transfer length of Eq.(1) should increase to develop the equal force as jacking force 

that is used in the test and in Eq.(2). The transfer length of Eq.(1) should increase by 

replacing the effective force (fse) of 10.8 ton by the jacking force (fsi) of 15.0 ton. The 

calculated length by Equation (1) of ACI code does not depend on the compressive 

strength, fc’.  

















=

10.80
18.73  testfromLength  Ld

φ
(5) 
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Table 5  The comparison of the calculated transfer length (Lt) and the development           

               length (Ld) between Eq.(1) and Eq.(2) in cm. 

 
fc'  calculated length by Eq.(1) calculated length by Eq.(2) 

(ksc) Lt (fse) Lt (fsi) Ld  Lt Ld 

450 66 91 210 52 233 

320 66 91 210 78 259 

280 66 91 210 91 272 

240 66 91 210 109 289 

 

Figure 42 shows the comparison between the minimum bonded length from 

test and transfer length of multiple five-strand tendons as shown in Table 4 with the 

transfer length calculated by Equation (1) and Equation (2) as shown in Table 5. 
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Figure 42  Comparison between the transfer length of multiple five-strand tendons  

                  with the calculated transfer length by Eq.(1) and Eq.(2).  

                   

Figure 43 shows the comparison between the recommended bonded 

development length of multiple five-strand tendons as shown in Table 4 with the 

development length calculated by Equation (1) and Equation (2) as shown in Table 5.  
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Figure 43  Comparison between the recommended bonded development length of   

                  multiple five-strand tendons with the calculated development length by  

                  Eq.(1) and Eq.(2) as shown in Table 5. 

 

Figure 44 shows the comparison between the minimum bonded length from 

test, transfer length and recommended bonded development length of multiple three-

strand tendons as shown in Table 4 with the transfer length and development length 

calculated by Equation (1) and Equation (2) as shown in Table 5. Fig.44(a) shows the 

similar comparison as Fig.42 and Fig 44(b) shows the similar comparison as Fig.43 

but using multiple three-strand tendons in test. 
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(b) 
Comparison of the recommended bonded development length 

 

Figure 44  Comparison between the transfer length and recommended development  

                  length of multiple three-strand tendons with the calculated transfer length  

                  and development length by Eq.(1) and Eq.(2)  

(a) Comparison of the transfer length 
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CONCLUSION AND RECOMMENDATION 

 

           1. The bond between the multiple five-strand tendons and covering concrete 

can replace anchorage stressing force as prestressing tension by using transfer length 

and recommended minimum bonded development length. 

 

2. The bonded development length of multiple five-strand tendons is affected 

by the concrete compressive strength. The bonded development length decreases 

when the compressive strength of concrete increases.  

 

3. For the comparison between the transfer length and the recommended 

development length from test with the computational length by ACI code equation 

and Lin and Burns equation, the transfer length of multiple five-strand tendons from 

test is close to the length of ACI code equation at the compressive strength of 280 ksc 

and less than ACI code equation by about 10% for the compressive strength in range 

of 320 ksc to 450 ksc.  

 

4. The transfer length of multiple five-strand tendons from test is close to 

equation by Lin and Burns for the concrete compressive strength in range of 240 ksc 

to 320 ksc.  

 

5. The recommended bonded development length of multiple five-strand 

tendons is less than both equations. It can be explained that the test does not include 

the long term effects, i.e. , shrinkage, creep, bond stress produced by flexural, shear 

and cracks. 
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6. The bonded development length of multiple 5-strand tendons is longer than 

the multiple 3-strand tendons. Therefore the bonded development length of multiple 

5-strand tendons can be used as the representative in practice. 
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Appendix Figure 1  Calibration test result of hydraulic jack and hydraulic pump. 
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Appendix Figure 2  The result of compressive strength test of test no.1. 
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Appendix Figure 3  The result of compressive strength test of test no.2. 
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Appendix Figure 4  The result of compressive strength test of test no.3. 
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Appendix Figure 5  The result of compressive strength test of test no.4. 
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Appendix Figure 6  The result of compressive strength test of test no.5. 
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Appendix Figure 7  The result of compressive strength test of test no.6. 
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Appendix Figure 8  The result of compressive strength test of test no.7. 
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	Source : 1Gupta (n.d.)
	2Post & Precast co.,Ltd. (2003)
	(a) Unbonded tendons1
	(b) Bonded tendons2
	Figure 6  Tendon types unbonded and bonded tendons.
	Source : 1Gupta (n.d.)
	2Post & Precast co.,Ltd. (2003)
	The type of prestressed concrete system can be summarized by the flow chart as shown in Figure 7.
	Figure 7  Flow chart of prestressed concrete system.
	Post-tensioned concrete floors have more advantages in comparison to conventional reinforced concrete floors and pre-tensioned hollow-core slabs. The benefits are long spans, higher free height of floor level, higher load carriage, controlled deflecti...
	However bonded post-tensioned concrete floors have a disadvantage that a revision or modification of the concrete floor is not feasible. The revision after the completion of construction and grouting may cause the tendons to lose stress by anchorages ...
	Figure 8 shows the example of the problem arisen when the edge of bonded post-tensioned concrete floor was cut off. Fig.8a shows the concrete slab before revision or modification. Fig.8b shows the concrete slab after cutting off the slab edge. The lo...
	Figure 8  The edge of bonded post-tensioned concrete slabs cut off because of the
	revision or modification of slab.
	(a)
	(b)
	Figure 9 shows the case study of the problem in bonded post-tensioned concrete floor. Fig.9a is the completion of construction of parking concrete floor. Fig.9b shows the requirement to open new stairway for fire escape purpose. The fire escape stairw...
	(a)                                                                     (b)
	Figure 9  The corner of bonded post-tensioned concrete floor cut off to open for fire
	escape stairway.
	Figure 10 shows another case of problem in bonded post-tensioned concrete floor. Fig.10a shows the completion of construction of typical story concrete floor. During architectural work, the contractor found the mistake of construction of one story whe...
	(a)                                                               (b)
	Figure 10  The requirement to cut the edge of slab which is larger than other typical
	stories.
	The remaining strength of tendons after anchorage loss depended on the quality and adequacy of grouting. Grouting is a compound of Portland cement and water within the sheath. Grouting does not have aggregates. Bonding between prestressed steel and gr...
	The post-tensioned slabs should not be cut because tendons might lose fixing by anchorages and lead to losing the strength of prestressed concrete. The revision or modification of the concrete floors should be done by architectural change and should a...
	This thesis aims to determine the bonded development length of newly caste concrete covering prestressing steel tendons to replace grouting. The new covering casted concrete can be visible for inspection during casting. Good control of workmanship and...
	OBJECTIVES
	The objective of this thesis is the experiment study to determine the bonded development length of multiple five-strand tendons with surrounding concrete in post-tensioned slabs. The prestressing steel is 7-wire strands grade 270 K diameter...
	The relationship between bonded development length and the concrete compressive strength is determined by concrete block samples stressed by multiple five-strand tendon with anchorage at both ends. The test method is started by casting the ...
	For bonded post-tensioned concrete floors, tendons are multiple strands placed in a flat duct from two and up to five strands. In this thesis, the multiple five-strand tendons are chosen to be the representative to determine bonded develop...
	The objective is summarized as follows.
	To present the acceptable bonded development length of prestressing steel type 7-wire strands grade 270 K diameter 0.5 inch (12.7 mm) sufficient to develop tensile force equivalent to the anchorage force after the loss of anchorage.
	To determine the relationship between the concrete compressive strength and bonded development length found in item no.1.
	To compare the results of item no.1 with the values proposed in the codes and standards.
	Scope of Study
	1. The long term effects, i.e. , shrinkage, creep, different covering of concrete, bonded stress due to flexural, shear and cracks in the test of bonded development length are not considered.
	2. The desired compressive strength of concrete is 240, 280, 320 and 380 ksc.
	3. Type of strands in test used the 7-wire strand grade 270 K diameter 0.5 inch.
	4. Type of tendon in test used 2 types that are the multiple five-strand tendons and multiple three-strand tendons
	5. Number of specimens is 3 samples for each type of the compressive strength of concrete and 21 samples totally.
	6. Age of concrete when cutting the strand and anchorage depended on the desired compressive strength. The test used the historical record of the compressive strength test of concrete plant to expect the age of cylinder concrete specimens for tested c...
	7. The slip is based on visible and compared to the marking of reference point.
	8. No grouting and duct are considered in test.
	LITERATURE  REVIEW
	The development length of prestressing steel is presented in four references. The first one is “Building Code Requirements for Structural Concrete, ACI 318”, the second one is “Design of Prestressed Concrete Structures by T.Y.Lin and Ned H....
	American Concrete Institute (2008) proposes the formula (Eq.12-4 in section 12.9, ACI 318-08) for the prestressing steel type 7-wire strand to provide a distance of development of prestressing strand not less than the following (Imperial un...
	(1)
	Notation and definitions of the terms are
	Ld  =  development length in tension of prestressing steel (inch)
	db  =  nominal diameter of prestressing strand (inch)
	fse  = effective stress in prestressing steel (after all prestress losses, psi)
	fps  = stress in prestressing steel at nominal flexural strength (psi)
	Figure 11 shows the relationship between steel stress and the strand distance bonded to the concrete as shown in Equation (1). The first term of Eq.(1) represents the transfer length (Lt)  of strand which should be bonded over the effective...
	By using Eq.(1), the distance of development of prestressing strand (Ld) for 7-wire strand diameter 0.5 inch (12.7 mm) is about 210 cm at breaking strength 18.73 ton. The distance of the transfer length (Lt) 66 cm and the flexural bond leng...
	2. Design of Prestressed Concrete Structures (Lin T. Y. and N. H. Burns)
	Lin and Burns (1982). Design of Prestressed Concrete Structures, express the formula (Eq.7-24 section 7-6) to provide a development length of prestressing steel for the moment from critical section. A distance to develop tensile stress from...
	(2)
	Notation and definitions of the terms are
	Ld  =  development length in tension of prestressing steel (mm.)
	db   =  nominal diameter of prestressing strand (mm.)
	f’ci  = initial concrete compressive strength at transfer (MPa)
	fsi   =  stress in prestressing steel immediately after prestressing force has been
	applied to concrete (MPa)
	fse  = effective stress in prestressing steel (after all prestress losses, MPa)
	fpu  = ultimate tensile strength of prestressing steel (MPa)
	Equation (2) is similar to Equation (1) except the compressive strength (f’c) is included in Eq.(2). Table 1 shows the development lengths that are calculated by Eq.(1) and Eq.(2). Table 1 shows that the calculated lengths by Eq.(2) are greater than t...
	3. Standard Specifications for Highway Bridges (AASHTO)
	American Association of State Highway and Transportation Officials, Inc (1996) proposes the embedment of prestressed strand (Eq.9-32 section 9.28) for the 3-wire or 7-wire pretensioning strand shall be bonded beyond the critical section for...
	(3)
	Notation and definitions of the terms are
	ld   =  development length of prestressing steel (inch)
	db  =  nominal diameter of prestressing steel (inch)
	fse  = effective steel prestress after losses (kips per square inch)
	fsu  = average stress in prestressing steel at ultimate load (kips per square inch)
	This Eq.(3) of AASHTO is same as the Eq.(1) of ACI 318-08 but it has a little difference of definitions, arrangement of the formula and unit of steel stress.
	Precast/Prestressed Concrete Institute (2004) proposes the strand development for a pretensioned member (Eq.4.2.3.1 section 4.2.3) that prestressed force transfers to the concrete by bond. The length required to develop the design strength ...
	(4)
	Notation and definitions of the terms are
	Ld  =  development length in tension of prestressing steel (inch)
	db  =  nominal diameter of prestressing strand (inch)
	fse  = effective stress in prestressing steel (after all prestress losses, kips per sq.inch)
	fps  = stress in prestressing steel at nominal flexural strength ((kips per sq.inch)
	This Eq.(4) of PCI Design Handbook is same as the Eq.(1) of ACI 318-08 but it has difference in unit of prestressing steel stress.
	RESEARCH  METHODOLOGY
	1.  Hypothesis
	1.1 Bonded development length should decrease when fc’ increases.
	1.2 The largest type, multiple five-strand tendons, shall be the critical type of bonded length test because of its largest value of tension.
	1.3 Bonded length test should begin by using at first the longer length than the transfer length in Table 1, then decrease the length during the test to find the minimum length. In test, decreasing is easier than increasing of the concrete length. The...
	1.4 If possible, the test is based on unbonded condition to prevent the poor quality and inadequacy of grouting that may occur due to poor workmanship in field work.
	Figure 12 Prestressing steel type 7-wire strand, diameter 0.5 inch (12.7 mm).
	(a ) Guide                                   (b) Block                       (c) Wedge
	Figure 13  Bonded post-tensioned hard-ware and accessories.
	(d ) Sheath
	Figure 13  (Continued)
	(a ) Hydraulic Jack                                          (b) HydraulicPump
	Figure 14  Jacking machine consisting of hydraulic jack and hydraulic pump.
	(e ) Tendon
	(fabrication of strands and hard-ware)
	Figure 15  Grinder type 100 mm.
	Figure 16  Mold of concrete Specimen.
	Figure 17  Colour spay (red colour).
	3.  Testing Procedure
	The “Test Block” specimen casted by concrete with compressive strength 320 ksc is shown in Figure 19. The dimensions of test block are 70 cm width x 250 cm length x 18 cm thick. The opening of bonded length box is prepared for testing the ...
	The following steps of preparation and testing are :
	3.1 Prepare the test blocks as shown in Fig.19 amount 3 specimens for each type of concrete compressive strength. A test block consists of multiple five-strand tendon, bonded length box and slip checking point as shown in Fig.19. After, the...
	Figure 20  Preparation of formwork, reinforcing of rebar and fabrication of tendon
	with post-tensioned hard-ware composed of sheath and 1st part of
	anchorage (Guide).
	Figure 21  Casting of concrete compressive strength 320 ksc (cylinder).
	Figure 22  Removing of formwork (a), then curing of the test block (b).
	(a)
	Figure 23  Installation of multiple five-strands into the test block.
	Figure 24  Fabrication of 2nd part of anchorage (block).
	(b)
	Figure 25  Fabrication of wedges into holes of block.
	Figure 26  The completion preparation of “Test Block” specimen.
	3.2 Stressing all strands as shown in Fig.27. Jacking force in each strand is 15.0 tons which is the maximum jacking force of 7-wire strand dia. 0.5 inch (12.7 mm) in field work. The stressing force measured by the gauge reading bar is calc...
	(b) Gauge reading bar                                    (c) During Jacking
	Figure 27  Stressing all strands by jacking machine (hydraulic jack and pump).
	(a) Stressing of 15.0 ton/strand by jacking machine.
	3.3 Casting of the concrete with compressive strength that is specified in test procedure into the bonded length box to cover multiple five-strand tendons as shown in Fig.28. After completion of the first test, vary the length in order to e...
	Figure 28  Casting of concrete in to the bonded length box.
	Figure 29  Varying the length of concrete to determine the min. bonded length.
	3.4 Sampling concrete for compressive strength test of covering concrete in bonded length box as shown in Appendix. Molded and cured specimens of concrete are tested to determine compressive strength before starting step 3.6.
	(b) Compressive strength test to refer to strength of concrete in bonded length box.
	Figure 30  Sampling for compressive strength test of concrete in bonded length box.
	(a) Sampling concrete for compressive strength test
	3.5 Spray colour on all strands as shown in Fig.31 to mark the reference point for checking slip later in step 3.7. The Fig.32 shows the picture to compare in case the test slip occurs in step 3.7.
	Figure 31  Spraying colour on strands to mark the reference point.
	Figure 32  The comparison with Fig.31 in case the test slip occurs in step 3.7.
	3.6 Cutting anchorage to release anchorage force at right end anchorage as shown in Fig.33. The cutting of anchorage is very difficult so the test is adjusted by cutting all strands near anchorage. This leads to transfer of the anchorage fo...
	(a)
	(b)
	Figure 33  Release force of the right end anchorage by cutting all strands.
	(a) Cutting all strands at the right end anchorage. Anchorage force transfer to the
	concrete in bonded length box
	(b ) Force at anchorage reduced to zero.
	Figure 34  After cutting strands, the anchorage force transfers to the concrete in
	bonded length box.
	3.7 After transfer of force, check the slip of each strand at slip checking point carefully and refer to the reference point in step 3.5 as shown in Fig.35a, Fig.35b and Fig.35c and wait to observe 30 minutes and up to 60 minutes. If the slip of all s...
	(a ) Checking the slip in slip checking point at left end after transfer the anchorage force and refer to the marking reference point in step 3.5 as shown in (b) and (c).
	(b ) For case no slip                         (c ) For case slip occurs
	Figure 35  Checking the slip in slip checking point after transfer the anchorage force.
	3.8  If all strands in step 3.7 do not have slip, decrease the length of covering concrete in bonded length box by cut the covering concrete out 10 cm, step by step, as shown in Fig.36a and Fig.36b. At each step of cutting, check the slip o...
	(b ) Each step of 10 cm cutting, step by step, checking slip as in step 3.7
	Figure 36  Decreasing the length of bonded concrete as 10 cm step by step.
	(a ) Cutting of the concrete 10 cm, step by step, to decrease the bonded length.
	Figure 37 shows the slip occurs after cutting each 10 cm of bonded concrete. The minimum bonded length means that the last bonded length of concrete with no slip occurs on strands as shown in the previous Fig.36.
	(a) The slips occurred during the time of cutting of concrete at step 50 cm to 40 cm.
	(b) The slips of all five-strands occurred at the same time.
	Figure 37  Cutting of the concrete 10 cm, step by step, until the slip occurs.
	3.9 Repeat the tests from step 3.2 to step 3.8 for the concrete compressive strength 240, 280, 320 and 380 ksc that are specified in test procedure and determine the minimum bonded length of concrete. Fig.38 shows the 3 specimens of the test block of ...
	Figure 38  The 3 specimens of the test block of multiple 5-strand tendons after test.
	(a) Shows a failure of concrete at bonded length box after test.
	(b) Shows a failure of concrete in bonded length box after test.
	Figure 39  The failures of covering concrete in bonded length box of multiple five-
	strand tendons after test.
	3.10 For comparison that the bonded length of the largest type, multiple five-strand tendons, is more critical than the smaller types and conservative to be representative type of multiple two and up to five-strand tendon, repeat all steps of the test...
	Figure 40  The 3 specimens of the test block of multiple 3-strand tendons after test.
	Figure 41  A failure of covering concrete in bonded length box of multiple three-
	strand tendons after test.
	RESULTS AND DISCUSSION
	The bonded length test of “Test block” of multiple five-strand and multiple three-strand tendons with three samples of each varied compressive strength of concrete are recorded as the results shown in Table 2.
	Table 2  Test results of bonded development length of “Test block” (cm).
	The meaning of “P” is the length of covering concrete in bonded length box after cutting the covering concrete out 10 cm and all strands are not slip, step by step, follows the testing procedure. The meaning of “X” is the last length of coveri...
	The test results of bonded length in Table 2 can be recommended as the minimum bonded length at failure for varied compressive strength of concrete as shown in Table 3.
	Table 3  Minimum bonded length at failure from test of multiple five-strand and
	multiple three-strand tendons of each type of compressive strength.
	Table 3 shows the minimum bonded length at failure from test of multiple five-strand and multiple three-strand tendons for the jacking force of 15.0 ton that is the maximum permissible tensile stress (0.8fpu) due to prestressing steel jacki...
	The effective force of strand is less than the jacking force of 15.0 ton from losses. The total losses are from two stages of loading. The first stage is immediately following transfer of prestress force to the concrete members that are elastic shorte...
	The steel tendons have to carry the critical force of prestressing strands to transfer load at ultimate state. The minimum bonded length at failure from test in Table 3 can be applied to be the approximate bonded development length by considering the ...
	The approximate bonded development length of multiple five-strand tendons can be formulated into Equation (5) and Equation (6). They are used to calculate the recommended bonded development length as shown in Table 4.
	Ld =  (length from test) (2.31)                                                                                    (6)
	Table 4 shows the comparison between minimum bonded development length at failure from test, transfer length by using strength reduction factor () of 0.75 and recommended bonded development length calculated by Equation (6).
	Table 4  Comparison between minimum bonded development length at failure from
	test, transfer length and recommended (Equation (6)) in cm.
	For comparison, Table 5 shows the comparison of calculated transfer length and the development length between Equation (1) of ACI code and Equation (2). The transfer length of Eq.(1) should increase to develop the equal force as jacking force that is ...
	(5)
	Table 5  The comparison of the calculated transfer length (Lt) and the development
	length (Ld) between Eq.(1) and Eq.(2) in cm.
	Figure 42 shows the comparison between the minimum bonded length from test and transfer length of multiple five-strand tendons as shown in Table 4 with the transfer length calculated by Equation (1) and Equation (2) as shown in Table 5.
	Figure 42  Comparison between the transfer length of multiple five-strand tendons
	with the calculated transfer length by Eq.(1) and Eq.(2).
	Figure 43 shows the comparison between the recommended bonded development length of multiple five-strand tendons as shown in Table 4 with the development length calculated by Equation (1) and Equation (2) as shown in Table 5.
	Figure 43  Comparison between the recommended bonded development length of
	multiple five-strand tendons with the calculated development length by
	Eq.(1) and Eq.(2) as shown in Table 5.
	Figure 44 shows the comparison between the minimum bonded length from test, transfer length and recommended bonded development length of multiple three-strand tendons as shown in Table 4 with the transfer length and development length calculated by Eq...
	(b) Comparison of the recommended bonded development length
	Figure 44  Comparison between the transfer length and recommended development
	length of multiple three-strand tendons with the calculated transfer length
	and development length by Eq.(1) and Eq.(2)
	(a) Comparison of the transfer length
	CONCLUSION AND RECOMMENDATION
	1. The bond between the multiple five-strand tendons and covering concrete can replace anchorage stressing force as prestressing tension by using transfer length and recommended minimum bonded development length.
	2. The bonded development length of multiple five-strand tendons is affected by the concrete compressive strength. The bonded development length decreases when the compressive strength of concrete increases.
	3. For the comparison between the transfer length and the recommended development length from test with the computational length by ACI code equation and Lin and Burns equation, the transfer length of multiple five-strand tendons from test is close to...
	4. The transfer length of multiple five-strand tendons from test is close to equation by Lin and Burns for the concrete compressive strength in range of 240 ksc to 320 ksc.
	5. The recommended bonded development length of multiple five-strand tendons is less than both equations. It can be explained that the test does not include the long term effects, i.e. , shrinkage, creep, bond stress produced by flexural, shear and cr...
	6. The bonded development length of multiple 5-strand tendons is longer than the multiple 3-strand tendons. Therefore the bonded development length of multiple 5-strand tendons can be used as the representative in practice.
	Appendix Figure 1  Calibration test result of hydraulic jack and hydraulic pump.
	Appendix Figure 2  The result of compressive strength test of test no.1.
	Appendix Figure 3  The result of compressive strength test of test no.2.
	Appendix Figure 4  The result of compressive strength test of test no.3.
	Appendix Figure 5  The result of compressive strength test of test no.4.
	Appendix Figure 6  The result of compressive strength test of test no.5.
	Appendix Figure 7  The result of compressive strength test of test no.6.
	Appendix Figure 8  The result of compressive strength test of test no.7.

